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ABS..PACT

flirviokyri.mic properties' of a].). cosmimly used x.7.i1tary gum
propellan~ts plus Aowe exparimeatmil Propellants ame presentdd in

tabular and graphical. form. For the 1ilitatry propellants,, these
properties arre t4i'on over a loading density raniging from 0.05 to
0.4 gm/am. 'Comrnpsiofls -are made between the propellats -cA thik
basis of "force" Cnd4 iisochoric flame temperature. Tha table. and
data presented hx. cm can be used for gun design COmputationse..
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mWithin the jab t two years a general 1,ro az for the coputation
"of ballistic trajectories inside of a guna) ha been set up at these
laboratories on the high'speed digitaL 66repute., GRVAC, A portion

- or the input data recyi red f•r' this Yro&ram is tierrmodynamlc prop-
erties of the combuszioa p.-&:tcts such as; fia1a. temperature, force,

• Covolume, a.od saecifii heat ratio.

"Tables which have been used in 'the past e-s a source of this
•rtormation have.been compiled either from obsolete tiermodynamic
"aa•,m o: computed using various simplifýtg assu.ptionS. In addi-
t' -a, these tables have given the tl'erxzdynamic ;roperties for a single
.dest,;- of loading for the gun (uaually 0.2 •m/ec:) whereas most guns
operate over a wide range of loadhng detsities. Since the thermo-
dYnsz''-. properties ot the propellant gases varl with loading dennity,

wout 'old be useful to compute the proertles of all the comoa
m4', "iitary propellants over the range of loadiag 'i.•sities normally

~ncunte~iin hun firizAga.

"In the folloviag .ep-rt, the therodynenic Lropertiea for all the

Sc-TD,.- military propellauty and come exterizehth l proetlolanta a mth, Milal.sryprplat-epinofNad
r-~~~ (wi~th th excpio .. M

.",ý ;hev rPr-t•s.tkJ are given over a loadin de=slt.y xang from
"0.05 to 0.4 On/ce. In 4" "tion the ther-tlynol.±c rxoperttes of
three other tylzs of XotoV•ants are examined:

(1) Nitrocellulose at varying przent.ges o~f nitration.
_(2) Q p"o.•llnt contiated with v&Ayig Werceentages or

-- Ater -aWfor etbyl alcohol.

(3) Doubl.e b,. propellwit vitIt urtryng -- artions or nitro-Scellulose acd nitrogV,-!erhij*.

To corry out the extenolve computattons fre-_i for the io-
;a.rtiou of this reor-t, a digital coopu*Ar proga=n 'esie4 to

.
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compute the thermodynamic poertieso u rpfat a sdothe ORDVAC. This program was. iitially formu i (2)
and revised by tLeger(3) Lnd h~as been used by the authors for abou~t1/2 Yoaz*. 'Tec~omputer Program as devised by Loser has been revised"by oneof the authors (Baer)so that the flame temperature . f the
proPellart. can be comPuted together with the thermodynoamc properties•.- the flame temPerature. This revised computer program is the one
nolI in current use.

XE YiIE4YATONAL RESLT

The data in this report have teen Organized in the following
manner*.

() Tables listing propeliant. coaposition and important thermo-
dyneami -Properties.

() Titbles Of input thermodynamic data used' in the program,
(3) Figures. presenting ill graPhieaJl form sow~ of the parLicularthermodynamic properties o- military propellants.
- " An appendix breac(tind the detailed computed data for aut

propeUlo~ta considered.
For ease in T ocatier a particular Piece or detailed inheorevtiseIn the appendix, a table of contero ta thefare ,temperatur ofe the

In Table 1, compu1jteo and toher mdywh data at the hlamc
" c-erathre 4Mtiven'frtr 16 military prop ulI~ta. In Table 1 n,
duta AMe given for 7 elperiront•a 1,rOpelle~ta. In Table Ill data

W S iven for Hi PrOpcldant c:Ort4Ai-'ldt~c with Vater a"/Or etbylao r for .'itroct Ululoaa P with varying degrees ofn:traThe at a In thble tV data, oo :) '4 forg anize double boo,
Propeliants.

-,, " . (2)T ables Othr u i%' u th rmo y ari a a u e n t~ r ~ m

A O ther o Idy ai r ties' ot lea ary roel a rnat. Similar to

.!ato the apedlcat~ t~able 5 ) ofu cotens pp. atoivi dr-the eesn;•o t

8
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. ."4(1) For e proellant in Tables 1, ir, ai•d ITr pera.ent.ge
.... comPositions are given; the composition under the column marked "e

•(for pecification) is the composition a •jve. in the Pigitve.y
tables. The composition under the column marked "eB (for Brinkley)
is a normalited compositidn used in computing the thermodynamic
.properties of the propellant.: The. difference between the two.
composltions is due to two factors: (I) percentges listed in the
Pice-tinny tables added up to values greater than 100%, and so had
to be normalized to a -erzentae compositicn; (2). In some propellants
inorganic salts, such rn Pttassium sulfate, pctriscium perchlorate,
etc. hal been added. Since the Drinkley code does not have provision
.for the Inclusion of these salts, they were normalized out of the
composition.

"It is believed that, with the exoertion of H7, the omission
"of these salts will not appreciably charie the thei nodynamic results. .

(2) Data In Tables I, II, and III are reported at a density of
loadlng of 0.2 em/cc. Data in Table IV are retorted for densities of
loadiag of both 0.1 and 0.15. The difference in the densities of
"l..aing between Table IV and the other three tables is that the
data in Table IV were computed in the support of an experimental
"program for the measoweat of I -opeliant W temperatures in a
cloced bomb.

(3) The propellant Forae *P" in all four tables was computcd at
the loading dentity shown. Thin uma done to give a dire.ýt compertson
betifet n the force valUes for the mllit4L-y prop•i•l•$ and the expert-
Wnetal Propellusta.

It is of intcrest to ýofpare the force- and rlam temperature.
Sfr these PropellantD. In Table V, slittry sond ea zrimental pro-
?liAnta mre listed In order of 4-,v Ing fora ; In Table VI in
order or 4iecrealug adial,.txtic rl4a tamperatur. It rill be roted
thAt for so- propellAnt. there Is a differenct, btvcn the force

S~9



rating and the ilame te•perature rating. The special propellants of

Tables Iii and IV vwere not included in this rating in order to avoid

"conftusion.

The thermodynamic data in Table I are given for a standard ioading

"density of 0.2 gmce." To examine .the varis*ton with loading density

" -. of the thermodynamic properties at the flame temperature, the thermo-"

"dynamic properties for all the. military propellants (with the exception

"o of 1f and W6) were clmputed for five loadirg densities: 0.05, 0.1,

0.2, 0.3, 0.4. This range vwas cosen to account for most of the gun

pressure range (1000 - 100,000 psi). Table VII gives these the.ro-

dynaukic properties for the above loading densities.

One of the results which can te derived from the Brinkley thermo-

dynamic comput-ations ia the covolume correction. This correction

appiears in the U6bel - Abel equation of state for propellat gas as

_ Since the voluae term Is equation (1) is the'reciprocal .of the.

kcading density, equation (1) can be written an follows:

£ nding a.d rexmrang~ir (2) we obtain:

Se - F +- (I)"

E~quation coin be repreacantxt as a linca plot of' F4. Vs P

in vhich the slope is the covolta.elj, and the Ltercept with P a 0,

the propellant f~me, F. When P/r vs P is plott"f rom the Brinkley

corputations, the resulting plot to not lin'tr, the data points

Waling on a smooth cunre. For this reason# the covltae cwrr.'ctlo

-- ill vary with "C cor ttt vwo-Aut ch&zer Pressure P. To deter-

=:Le th&s variatIon a cubic eqtnsioa In pressure, P, was f1'ted by

least squotas to the d&ta of P. Ye P, t he 1o1.~wng r'latin:

10
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The covolume is the first derivative of eqation (3) thus:

+8, 2& P +. 3 a nP (5).

-3• .the value of the,.coofficients F., a,, 2a, and 3a) are listed for the

"military'propellanta, o n Table VII, for each military propeli;nt,

"the covolume correction is given for each density of loading..

"In Table VII is also given the Intercept propellant force Fi
and a force computed from the .relation:

F. an V (6)

The force F is tabulated fnr each propellant and for each

density of loading.'

The intercept force Pi can be used to compute the pressure
developed by burning the propelLant in an a(Iabatic closed boi -:•t..

a loa-ing denEityf . The pressure developed can be computed by

sOlving the cubic equation:

83a,?' + fP +( " 1)P +F o (T)

Since the value for the coefficient a, its quite a_.U, little

"error will be made at low 'loade g densities if one drops the cubic

teru, in which case solution to the resultlin quadratic equation

can be obtained by normal algebrale metboda. Complex algebrate

solutioiw exist for the cubic equation, oce method being listed

in the Chcen.l Rubber H b .(5)

A numb t s' military guns, especially tL-e of the howitzer

class, can be anppr<1- ate4 by a aimple gun model. In thip aodsl, it

is esur-&d "that the projectile does not *ove tz -nyy appreciable
exteat while th propollont io Wrziia. After t"he ppellant,'t

burw=4, t~i 1roJectlle it accelerated by the vxpandl•g hnt Casea.

It it of tntemst In interior ballistics to st-ov the relationabetween e" presure and tezvoeature uhile the ccnbuat ion gaseo

are uin rgolme a lentropte expansion aehinA the po.lectile. A

11



pressuie-entroPy dl ngrii" is on. wa.y In which this process can be,

illustrated; thereforei pressure--entropy dingrrxur.avs been plotted

from the results or the. Brinkley computation on the militry pro-

pellants. These plots are chown in Fig. 1 -14i.

These figares are a graphical representation of the relation-

ship. between gas density, temp.erature, pzcoiare., mid entropy 'or thte

co-,bustion gazes of cach ofthe nliLtary propellants. The dotted

line labeled TA represents the flame t.omperature of the-propellants.

These rtgerre" can be u:wd to predict the gas teuiperatiure in a

gun,- provided that the pressures are known. For cxumple, suppose 14.

propellant at a density -of loading of 0.3 gM/cc is buirijed In a gun.
choaber Etti burnout of the propoilAnt occurs before.'the proJecttile

mnoves to any appreciable -extent'. On Fig. 1, the pressur.-eutropy

drwtram for 141" propellant, thid I.tersecti.on of the dOnoity of loa-

tng lil,. ( u .3 with the lochoric friuwc tfmperature .1ine TA i

the condition In the chai.ber at- burnout Of the propellant; Under.

these conditions .T = 244OK-, the pressure P = 60,700 p01.
(t.Uis could be' chee-ked atInst tU6 cxperimental pressure), auid the

entropy S =" 2.122 cual/ngoK. If MoM "aCuIes that *mtlon of- the

projectile causes Inentrckie epcpansion of01'the gae; then one dan

determine the temperature of the Cac-at any point along,'the gun

tube provided the pressure at that point Is known.i For cyn-.ple,

allaumen that muzzle.-pressure of the Lun has been found to be .5,000

psi. Than dropping down the ent-ropy tine at 2.122 until the .5,000.
pii iJrescuwe line is reached, one finds .that the gas tUmperature is

* 15'i0 0K.

In cloie.d chamber 1'iringyrP the. relatio:nhip butwcen pressure an.

' *.'i.,i~;,..11re in aen..rtlly unkknown be-c;MO of het o-sa from the

c•zuaber.. From these ftgrure. the tempetrature of the prolellnnt gao

can lo predtctell, knownI1. the lo-vting deniity and the experimental

pressure; since the gtUn temperature -will be the intersection of the

preisure MIz..- with the gset de'naity line.

*.2



Other types of diagrams can be plotted from the the. odnamio

data obtained from -the- trinx1ey coi~putations, buxt in lieu or plotting

more diagramns the ther-2od.Vnaftic data is presented in the aPPendix

fror eac prope~llant. In addition to the t~har~odynamic anta, there

are presented the e~quilibriam combustion g-as cornpositioii at'a*

particalar gas density arid te.,aperature. The ,.-ange cf gas t,ýzperatures

presented in th.z:e tables depends upon tlne'iange of~ gas-temperatures

presented in the pressire-entropy figures. Fo;:' high 9as densities the

te~mperature range Is narrow and for low gas 'krisities, the temperature.

range is wide. Further details on these tablesa is presented. in the

appendix.

* ~ ~ lIE 41CELLAIMEUS CO14PU7IWONiS

tisof. interest o th manuracturer and user ofmlirypo

peilants to determnine the effect of ater and/o ety 1loolo

the thermodynamiic projpeirties .(particularily the flam temperature

andforce) of th propellanit. *The propellant -chosen frthis-

*investigation was 141 at a loadtna de-s Of o .2~ CAIC g _,/c.Tha 'first

*portion of Table III gives the propellant composition and a summary
-of the prepellants theriadynamid properties. The formtorhi

table is the sgame as that used in Tables I and 11. The prpllant

*compostion column headed by the letter* S 'is the standard composi!.,

tion bhowing the az~aount of alcohol and/or 'water added.- The composi-

tion column headed by the letter *"3' is the normalized prc.Xellaot

composition ued 'tn'the Birinkley computations. ..In this table

amounts of water-or ethyl: alcohol added to-the propellant woere'

varied from' 0' 6.In one propellant a 3% -. 5% mix or ethyl

*alcohol - water was adde~d to determinie the eff ct of a mixture. .A

plot of the flame temperature vo percentage water. or ethyl alcohol

added is shown in Fig. 16. 'This figue can ~be' used to es~timate the
effect on flame temperAturkol lcho water mixtures, i~hich can

be made by assu=m!ng that the drop in flamhe temperature due to water..



'saa be dddto -the drop duie to alcohol. .. On the graph this estimate

cnbe made liy. measur~Lr1 the temtperature drop due to theaddition of

water with dividers and then spac ing off 'this -distance below the

f3.are tempeiatture due to the alcohol' eaditionl. -For -1oz~ (lea ,s thani)

percentages of alcohal. anid water,# this method vill give values within-

3"k'o the Coixpue vale. Fr higher percentages, the error is
greter fo intane a5% 5"mixtu~re give~s c-nestimatea v~ue of

.217', K, the ccn.nputed'value being 2192 Kl. Detailed. tablet: for Ithese

propellants are presented tn the appendix.

-in the lat.ter portion of 'Taible III are shown the - osrpcsit Ion

and the~rmiýYna c properties. of jpnre -nit'rocellulosd propelLmits whxere

*nitroggn content varies from 126% to 332.The cietailed computa-

tiVizuaa results are given in the appeni.

Recent-ly, a~t this 1abortory,. flake temperature studies were
.. aeon a series. of double'-base propellants inwhich the nitro-

* glyic-rine. 6oncentration was varied from 0% to 20%. 'In. Table IV,.

the computed compositioxi and thermodynamic properties for these_
*experimental double-base. -r!&.ants -are gi.ven for two loading

....densities, 0.10 and 0.15 gm/cc.' 'As "Would be expected, the flame

temperatiurO and the propellant',force increase as the ni~tro...

glyce~rine conten~t incieaes Dtid optiosnthes

*prope~lanto are given in the appandix.-'

In al]. of the cobmputations, the combustion' product have
been, assumed to beh~ave as riml. [;area. It is of interest to Gee

what would .hdppen to the theri.todynamic propertie~s of. the propellant,

if this &ssuifiptio'n were'not -made; e.ansume- the':combusti~on products

* behave asq ideal gases. In the.:Dr~ikuthy code this is done by 'setting..

'the virial coe'fficients Peqa~vA to zero. Ih the apperdix are listed.
- ... .the thermodynamnic properties for 14l prop'ellant. at a density of load.

ing of 0.2 gmcc Comparison ftemdycncpipriea the

flame temperatura -given the following results,.-



MI Proue3.1*nt
'0 2.~amc

Real Gas Ideal Gas.

ibo I Wt~ ' 22.13 .22.10

P v1  509. 56494
w. rom teAbove, the only zý _gi ficant di~fftrenee in :results it

inthe 'constant volume comusbtion. prds~sure,. the Ideal. gas combustiou*
Jpru.St~r ceig2.35 oe ta th~e rdal *ga-z sombustiofi:esue

* . T11ERNXDYI{14IC DATA;.

chermodviiamic data:used. in hfesej' evi-putations arie presented' in

Tables MX through- Tab~ e- XI.. ~TableT :C. shcws. t~he -Atbomic compositionr
and heat bf ftirmation..of 'mil tary, and exper'Lzcitai propeUlants.ý Thea6e

daatogether' vith the,. . n-donw csity, saee al that 'are. Aieded for

-rplatIptto the'trlnkley pi ogrw '.~ 'xTable X-the' atomic-'

comjposiio 'and. heats of toimations avre.gve for, the* speil, r.

.peilantt,,.that'is, the. 141* propellant* containing 'various concentrai..

'tions of 'water. and 'ethyl 'acohol, and tht. experii~entcal doiuble'baisel

proelat ILTb1 XI ýhoi~s the atoic cOW~p~tO aM: heaits -of

foiaation' for the irope11Ant reactants.* Included in chis table' is

the source of the ther-modyiuanic -4ata us~ed to' compu'.le -the heats of-
formtionof te, resct ants.

It :was ais~uied -in compuýtn-g the heats of fo-.aion of the-pto-

pellants. considered. nti eotta h osJ e~ of formation".

w"a the 'sum of" the proportional heats of. formations of jýhe individual

reactAnts. Thus heats of polymerizmation, or auy heat 'released by'
-chemical reaction betwee'u the, pro ellant reactants 'prior' tv. burning,
iiere n6t cons id.-ýxed.

The heats of formation of the propeliant co.mbust ton-products -ire

givin in. Table 1.1I, and in Table XIII, a correiWlon factor to correct'



tie' vt u'df h internal energy of the combiistion producrts f rioi a:
level fOK(the 'level bein~ used 'in -the Bfinkley -calculations) to*

q leveli of' P5 K, 'the temperature level of the heats of formnation...

of -the* ýPz'pclioant reactants. Tables of internal eneisceia
-potent ial:, zjecifid heats, arid vi~rial cu~rcinfo aho the

combuition_ product ~ pitesie.mted'in Leser.'B ao report and v'ii].not:

be rpeated here

VDISCUSSON

Th~ s retort presenits t'ermodynai~dc'dsa'ta rgading teobuion
properti~ 0:1 liay u pro~pella~nts, .plus soe da~ta Concern nag

ex ii~ixtraleI propellazi. 9 .-Tlose data'm -&Nl e egred as *-tentative,-.

pe. dx~ rg lisbo i. theý thlerno3naI dsta.,used in the compttos

Id future'ev- lsons ,~..oth tthe, ideal -aP hr~oyad roete~

and- the.-real gas Y1 rial. ceorrectloiis bf 'the combusti on -rduts vil
be~rpcie. n adit6 x, t e th ioyard~c co~d wili] be set up in,

.ci' ha w.ay as to ,tccouat for. thei presencei of thej inormanic so~Jtd

Inh eser ttý -eport 'One ser'lois error' occurred 'Which, until:

lOcated.adc ected.? 'markdly influenced the shape of -the
urstre e~ropy. dltarar.. Tsi errorxi ~a s- it 'the' sig n of the

correction to' thie ativity coefficient- for gas imtperfectioni. The

correc eq4U.,on ~ e.( ntsrs rePort:

.+.logY I ____+_n_/2

l j *. rMQ

The ideal. gas therinodyn.anic data and the real gas virisi.

data for on'~onia had discontinuties anid-irregularities when+

plotted as a function of temperature. In Fig. 15, the effects of
thebe irregxxlaritiea -upon the c~buation gas composition for M-1

at O0.9 gmceloading is shown. Since the proportion of ww~onia in

16



.the .combustion- prodects is very minor, -any changes in the ammonia-

data. would riot be expectcd.to chan' the overall thermodynamic,

propý.rties of the propeliaxrt to any great exten~t. A severe error

in the chemical potential for &=~rbnia at 17000K was corrected in

the-process of tIese ovoritiosidi not presen -in the results.'

PAUL G. BAER,

KMETH~1 R. BMYOIS
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TABU

*" " . . .. " *"*"- ".' " " -. " F >r A "M . .. . " I

"- :.'".' : '. ". " ' ': . .: •" : " . : ' • . " :. : . , '" "..! :-.....:: :' ' i ' . ... .' • beu'

21 •*. . . _ _ _ _ _ .-.. . ".

. " " • , CJAN• - " "" JAN . JA JAN JAN JA•
323_F____P_309_ -32 P-65

'B . B - B a P B s _B

8toou~e 3-13 85.00 83-7 8.5o 6.80 77'4s PA.26 UI.95 e 4 .9 8 70o 58.71 54.0 52.60 1

.. .. :t ' . . .' s• iu .'llt tr t - 0 .75 0.75 --

13.15 1s"-15 . . - - -.25 . 25 - - 1 1

• .itrt' oluec. 9.78 10.00 9.88^ 10.0o - - 0.00

b.,tity~bt u3at " .89 5.00 •.3 - -. '9 3.00
,. _ _• . _ 0.9 1..0 0.98 1.00 38 . .00i

W- .Nitr ate i ... 1 . 0

h-"y'". rCeutli, 0.59 0.60 0.69 o.6o 0.97 050 0
ri. - 0..3 0 0 . 7 5 0."0 0.

• ' - .t ito l uete -.78 - 9 -. - ..-..
S .*•" . .' . i • " o. -o0. 73 '0.75 0.98 1.00 2.2 2.30 2.2 , 3 0.9o 0.0 0 6

. .te "0' 0.19 0.0 O . 6 0 O.69 0.70 0.69 0.7O 0.50

- -. --.-..- L29 1.20 •

lit e

hyl A___ ___ O 0- 1 .g 2.2a _ . o.6 0

iob ~ ~0.4 0. em~ 0  505 1 77 0. 59 0- 071 9 20353030

iflw 1.2 1 .?3.6.5 .20.1_____
p tnett* a'e0. .02020202 30.2
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:icuiat4e4 T~ertuo lch i.4. Vau±oae tq(- klita7 Propellsata

A4 23 K13 JAN

~ E.381 ~ '~3 ~ D- ~P.30 M5L ~ p~68 f-26 '*j-329 P.733

A 1 ~.0~.5 83 77 6~ ~* 77 00 ~D0 00 19 20 go,~S ~O0' 672 67.25 89.92 400
' 55-60A - 21 83 .5969 ýý0 9 . 9TI -E-g .- ) -.0200 -ýý o2 --

__15 15.15 13P3132- 5 '13.215 13.15 13.15 213.15f3 15 13.1 31 L3.2 1.15 1.1.15 13.13 i).l135 - 13.15. 13-15 13-15 131

17 i43.00 U&3.T 43.oc ho.h., o.g -iw 190 218.9-9 . o

- - - -- . ~ - - - - ~ . - - . _ _ 0.75 _

1.5150 - - - - - - - - - - -- 0.7 - -

- -~ - - .5I&70.70 70 5. .6 'A.70- -

7.34i 8.00 7.82 8.00 - 9..1 8.00

1.56 2.c0 00~.- -

--- 0.99 1.00 -0.73 0.80. 0.9 1.00 - 0-0 ý-.0 . 0. 70

-~0.97 000) 0./1 O.A( Ot76 -0.7 - -T-5_ 6.00 .6.0, 1. 150- 6.00 '6.00 -

0.0p 0.10 0. 0.10 0.30 0.30

o.8 oa . 0~ .40 'b.S -511 1.. .o-5 .9 .0 03 .0 0.3 0.0 0..0 0.50 '1.20 1.20 _1.35 1.50

0. h..g -o 0.50 1.Y 0.25 0.2- __ 04o.z0.1 0.0 0-M 0-90 1.

1. LX) 1.2

3.03 350W
1.00 . 0.5 _

7.80O

3(.*3 T5 V 3034 20B8 272k4 25245 2" 25W I ~ 22E!

591 1 6 YOG.735 39.*,Ifl h83¶l8 3M,6252b0 ~ E.~ 361,638 337, 07

..05,117 O.Al~ .0357t0 .oi133 .00.30 .0.3 CQ.Y-. .0h=

__1 ___4 1.211 1.P07 12 .2123 - 1.260 1. AI 1.256 1.2511 1443_____

)o S02W 3181 145T 1w9 2VI6 23963 2063 2498 2115

- 50. zý Vý 2w,"69 M.92- ý.! e~

.2 . ~ 0.2020202 0.2 Q.2 0,2 0.2___
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TABLE. II.

Formulae and Calculated The 'ohemical Values-for E~xperia

'T2025 .T29 T BT1

Specificetixl o--* -

1.01 .99 20.00 0291 4-3:0.02.0 0

Baium iireluose 19 92-07. 0.25 45___

Hiotr6sb.entre- - --

21.~t - '10 _________0

Nitroglycerine 59.9i2 3.00 r-9290 ..6 30.70

fDiumNitratle =0

Dibutylphthalst~e ~ ~

Dipkien~ylamine
_ _ _ _ _ _ _ -.. 99-

._týiCentrali~ .0 37 W 0 1.50 1-50 ~

* wirvpwx r=_3 0.30.I0

C ryoUte - -O 0. 0

9tbr1c 1 70? ).3~0.0 0.Y 0.50 016. 50

Yl eth-ylpzthalate

Isachoric F1s.~e Tem!pý , T 2325 30,00 3215 (ý

Focft- N" ITh, F -TTŽ-_ 3.- 113 370,235 59W9

Mu- Vo,1wao, m1es/e#5, i .04"M5 .041t72L .0414-f

W.,i o iPecciric I s y 1.268 1.257 .2U2 1.215

Isobadrc Mwi~ Tdmp._ ~ 'K, T . 334 2498 ý610 0

LOR'df VftsClty'miy cmic 10.2 N. 2 .2 j 0.2
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ted. The".rchemi.a" Valuesfor " periental • " "cp"ell"nts

T 29. -T 32 T .5-

13B S _ B s B sB
5.9 .46.oa 29.79 214.83 530.00 25'.00 3.025.67 0.-O9 25.8G0 11 .755,27 21~ 5152.0 .00
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"-'|- I n0." 2522.C' .

-0 00'"0. 0.2 5 0 0.2
210 A..u.: a.; o.20 0. 2.1' o.ýa 0.o.o o0 .50 o. o

•, ~o ,T ,, ,. ,

,!-• -::• .•30.6o 3. 135 2571
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.[-232 1.1 ........ " 24..0 . ... .. •.
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TAt
Formulae and Calculated Thernwo)

I. S B_ B s B '~atreulose 0_____ 4.. U2.0 .52 11 Vo0.9 ý'5.0Oo 11 9 - 85,00 82.5 8

KIlitxroi.on 13.15 313.15 .1..15 1ý.Ir-"A 1~3J1~5.1 1-.15 13. 15_13.15 13.1
tell-an if).0O 9.73, 10.00 9.52110.001 9.35 10.00 9.71110.0

Rib hthal~ate 4 15 .00 vc 4.____.-ý-5 -- v ,415-o48
0-99 -1-00 .2______ 9_7__ 1.0 0.95 1.00 0.93 1.00 0.91 .L

1.914 2.00 3.81. 14.W 5.61 6.oo

-oe - -J .9.4 2.0.

lodchrc Flame Temp.pxT 25)10 2561> 22!A4 '127 24n2

-t lb/lb., P 11Fijj) -1133 -wa39 333

0of specitic Nets 71.2 - 1.~ IaPW L7 T--

T 7Uý'%12



TABl I
itdTheizwmdyn Vamk Yise for Special Prpopl~linta

, . ,_ - '.
.--

_-. .o . ,. -C NC NC- 12.8 13.0 13.1 13.15 13.2
B I 1 _ _s 

1 •

,67 12. 00 .9*0 39. 100.•0 65. 0 10 00.00 100.00 IOU.o3 Loo.o
i2 .1 i3.5 13-5.15 13,15 13.141 12.6 .JL. .8~1. 3.31
071i0l.00. 9.595 10.0 9.35 10.00 9j3*10.00_____

_I 7 -,, "

1- .85J 5.00 h-76 5.- 4..67 5.00 4. 5.00

•.- -•
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N TABLE V
Militai'y and.Experimental PropellaLts-in

order of Dereangr

fProp1llnt Force@ p 0.2
ft.- lb.

ft.

1. 396,840O
2. 396,735.

3. T31 ... 391,299.

MT. 3 91, Ak6m
5. 372,639

6. T29 N70,235 .

T, T3ý .368 11q9
8 145 .367,14i~

9. ...... . . ,j3 6 4f,5P9

10. w~6 361,6.63

U.- ______ 3-59___;_48 __

'12. T2r 58 j

13. 1410 3I6,180

lii. mm 537,687
15. 142 336,320'

T34. 329,028

)284,t47

M18 320,65



Military an4 Experimental Propellants' in
ordr f Deiassig Adiabatic Flame Tme ratiuwe

IPropell~ant Adiabatic Flame Tenmperattu-xe T pm0.2

1.. -M9 . .3)00

2.. 575.7

NS .,. 3372

7.- T29r . .3215

9. .392

10.. -T5 -.390,
U1. T32 3087
12. )(1. 30314

114. :WI2877
15.M12 .2858

1.6. WA~h 27214

17. 1418 2591

A8. M 2583
19. Tr54 2571

2(. 1.5 25245

21. K______________3_

22. T20 2________0 ________

23, )C.AI.25
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TABIZSfMI

* .. Covolume' -Correction for. Military props.-l~a a.

pLlant . 2a
in-lb 1..

to 368,790 3696 -1.8168 x 10 ~ 5.11 10~
?4A134128200 37t 518 -1934 5.5963 x 110

_____-21~I032 3645o -1931 x 106 7:3135 x -lo-.

M5 I4&,3f;70 %6.10. -118528 x l~ 6.73149 x 10~
3IW14W~~ 36.,386 L_:.7970 x 05;43.13 x 10

4B - 611,&70' 59.2W7 -2. 5110 x 10 10.9872 x1
___9. __ 4,584,460 -4 -1

1410 hi,12,9ý0 .35.492 -1.7028 *_ 10'. 5.45(52 x 101

-10
415 Y,0163670' 35.725 -1. 69734 x 10 .48 10

M14 E3,21690 .34160.i . 175 4.58618 x lo~
10.M15- ',3,T-.78 85X I1765.648

XNR _ 35.(7)3 69911  589x lo

34. 6D. -Ip3  0 .32x1

4,1 285,2P 3  4

7ý 6.2 1.658x-,
.0 x



TADL~xx

Atomic Compositit and. Hcat of Pormnton. of
-'.litary and Experimental Propellants

i'roe~aa Q H 0 N *.AI

_______ ~ -atoms/ef z 10 C16

a 553102 337 894

?41Al 25n 7 52574 5357 862 .574
' ' . ..- 0• 9 2837 3669 986 559

45' 2085. 2855 3655 970 568', -a -" - -

, .m6 2467 3015 3412 911 538

" " . " 1965 2565 3683 1063 4F,3" '". . ... ' .. ., ... .•I , .- - -- ' •" '

*MO 1911 26D9 :,I 1071

)Q. 2527 3751 1091 4T(

:10 2214 .2854 3606 916 593

1.912 2309 02922 351-ý W-7 568
Y- •

Rik, 2"406 29140 3456 918 .511

- -l -I! l _

915 1597 3532 2565 2586 3

* 117 .1395 3301 n718 26u2 319

W 6 2224 2951 35. iota 504

DLAR 2301 Z)12 35LYa %:17 56B

T 20 15 3690 249_6_ -

T25 2-223 P690l 35 GR9951

T31 1%!G_____ 2a3 3-697 107-1 491

T32 A 4496 347 T

T33 r2230 N N6 348 o11 4066

~14 ~ 5t& 76i4 z552 33



Atomic Coinposition cnI iAui of. Formation of Speecial Pi~ope11ants
Propellunt C ,0 Al?

____ ____cal/ga

0-0 4-534', '299 538 905 516-

M. 2 58 3181. 33441 887' 533

33110 202 3322 870 %9.9

141 6-02635 "552 3307 8556

MI 0-2. 21.81 3j.).6 31.31 887 579

410-4, 2.37: M20 3A51, 870 639

ol -6 2391. 31.1i 31.90 851. 697

M41 .3-5 .2513 31.97 3395 854. 631.,

% NG *95% W 2096 262 3674. 958 575

10 O 90% VC 2055 2581 W69 971761
85% MC 2015 ~ 256D 10 996 55

rio NC%3 197 2539 3120 1015 5411
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TABLE~ XI
Atomi Compdsition and Heat'o omto

ofPropellanit Reactant*8

Reactant. ~F ~HNSuu
.94_ atoift/, x 10~ Ca

Mitroce~lluos# 12.2 2202879 -73617*. 871 6141 1
12.6 2203 2772 3635 99 612 1
12.8 -2179 2718 36143 9124 598 1
13.0 2155 26624 62 98 5824 1

13.1 2124 237 .3656 9,35 577 1
15.-15 2137 2623 53659 939 5724

-3. . -13 -9132 21126.10 3661 9242 569
13.25 p152596 3662 9246 5624

_____________ 1.35 2113. 25614 367 93 58 1
it-roglycr-ripe 590202 ~ 1 21~~

- 132 -20 131- 4

hirguanidine -961' 38-4.92 38424: 20 A
d .~ tratoluew.e 32924 -2196 19

ibu'ýY~hh>21ate . 574M 19024 '14537 t 9i2~
Ph____________ 7092 65oi ____ 591 ý-210

-Nitroi~pbe-Vla1zlge 5601 24668 '9314 934' -1366
hky1 Centratit ý6539 37 764

'th* Alcohol 433 13030 2172 - 1393 2
[a__________ 1110f 5551 71

arbon iOlack 8326__ ____ 0
lethylphthalate 5%400 _____ 1800

TWOMMM~4CAL DATA SOUmCS
(i)aun '~ter~1Ba11ist±-s". 4, e 2.17 Miloaophtca1 Libriary, Nev York 19'51.

(a. Tid: D~ata obtaned by interpol2%tion.
(2) Ibd; Rlest for fzwzatton data obtainled Lý eXtrapolation from those of di-

ami~ypaba~ate ed dibutylphthlutAte.
()COoqyuted data.

(4) Corner, J. *Theory of the Interior Ba1Uisticti or Guns", paoe 914, John Wiley
& Sows, Tac., R1ev York 1950,

* (5) "Hanldboo)k of Chem±.atry andl 1pyeics*, 58th *~d.,, ppee 1698, ',hemicaI Rubber
Publlthir.- Copay C1Cvelwid, Ohio, 1956.

(6) Cciputed Cr,,om data on 6tructural 11etuvs
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TABLES XII

Heats of Formation ot PrOP611eqt Combustion Products

r-rouct A ltý at 29W3x

Cal; mole ...

____________ 26,4j16

0

1f~O(~)57.,798

2 0'

0.0
o -59,159

H ~-52,089..

NO -21,600

N ~~~-85,.565 - .*.

NNW, 11,0140

cq,17j,889.



-' TAM ]irXI

InternaZ Energy Correction + A t or

Pv~1~1ntCombus~tion Products

0

Product +N +l

CQ 2 -92".31-
CO -25,.723

-. nH 4.o1,1l]

'Y_________ . ~ ..

H . 52309
N~o ~3,O
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COHIEý~, APPENIX PG

UlseoTables -.-

&tomtatii of Propellant Flame TPor4t'r*

Propellant Theraodynamie Piopertiena and CohlbWstifl Gas Compooltion.

R45 ** . . .. . . * * * * ** * * * * * * . 91

.... 117

)418 . . . . . . . . .. . 2155

4 ... .. *.... . 2167

T215 . . . .. .... ...... ... . . .. . . 17.23

. .. .. ..... .. .. .. . .. . . . . . 231

wT . . . . . . . . . . .... .* . . . . 2.. 0

T31 .0..0. . . . . 2)

T33. .4-0. . . . . . .2140

)a. '2,0 ............. .........................

. . . . . . . . . . . *

. ~ ~ ~ ~ ~ " .*U .. .. 0 . . . . . .. .. . ~. .

.~~ ~ ~ . ............ . 1
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LISS OF TABLErS

in the followlne tables thermodynaxnic properties and combustion

gas composition are listed for all the propellants which appear .in

Tables I through IM. In the therm(oynamic pjroderties and. combustion

gas cqmpositioa tables, the tye.e of propellant, for instance MI, appears.

in the uppee. left of the title block. 'In the upper right of the title

block is'given.the loading density (gas density); for instance, 0.05 gncc.

In the row following TEM. K are combustion gas temperatures at

• which the combustion gas thermddyna-:ic propertles and comjosition was

computed. These tenpoerat.urea are listed starting af. a temperature
0

considerably below the flai e temperature, and increase in 100 K.

intervalUs until a temperature is reached which ic usually about

2 200 OK above the flame temperatire. The last temperature In this

"listing is.the flame temperature.

-In the coitwmk below each tealerature are the dombustion gas
- -thermodynamic. properties .and composition at a temperature and gas

density (loadl.ng denztty). The tbermodync.u'ic properties are as

". follows:. "

' .. QL.WT. Average WLolecular weight gm/gm - mole

.P. Pressure -psi

C. '* . Energy content - cal/Mz"

CV .- Specific heat at constant volu,:.e - cal/gm -K

. - Ratio of specific heats
G - Entropy- cal/gm - K

. . "E - Internal energy - cal/gM

UH - Heat of formatIon - cal/&i.

. . The thermodynamic values are ccnplct,," fo- all te.n:.peratures

listed, except the fla•. ,-p-rat:u:. in th, "lae tenerature
, . cOlun th% value for' e,�'~igy cowitent va,,i not co:': 2 ud, t.hi a blk

Sspace appears for this value.
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".3eBlow the tiable of therr udynawirc properttes are listed the

combustionr gas cciposition. The gas species are: CO, 002. H2,

l d20, N2 , 02, 0, 011, H, 10, i, 1- , and CIf V Th- units of composi-

tion are g - moles/grn.

En the gas composition tables a number of blanks appear. The

presence of blanks means that the computed coneent'.'ation of a parti-

*ular specie was less than 1 x i0-7 gn .- moles/g)r, for the tempera-

ture and gas density shown.
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COMPUrATION OF ROPETLAY2 FLAME TEM., r TURE

In Leoer's report no nrovisi.,i was made in the code -or- the

computation of the propellant's flame temperature, The. following

describes the method used in the reyised code so that the flowe

temperature of the propellant could be computed.'

In Hunt a method iz given by which the flame te=weraturic of a

. pr-pellant may be computed. In this reference the flame telsperatur2.-

is defined as the temperature at which the internal eiierdy of the

"combustion gases is equal to the heat of reaction-of the propeilant'.-

This can e -'eoresented as:E 0
where:

: " --f F prod - IF prop. = heat of rcactlbn of propellan L

E internial ener&y of combustibo .gas at fltawe tc--perature -

cal./Am

.F prod heat of foriaFtion of combust'.0 gases cal/gm

-H' prop heat of formation of propell&vt.t- cal/gm-

. The heat of formation of the propellalt is given for each pro-

"1"e.llarnt, and as su.-.i, is iread into che program as a constant. The
base temperature used to conpute heats of formation is 25 0

For come prope] lants heatu ol formation were given at 3000K. The

difference in heatn of forrd.tion- between the two temperatures was

assuined to be negi.Jlble.

The heat of forration of the combustion gasea ia a function of

the combustion gas composition, so iL has to be computed at each

trial temperature for which combustion gas '-omposition is known.

The futmction used is:

HP prod n n (AH)i ( 1 1, 2, --- a) (a)

.6
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where: n1  n= uber of mjoles of ia-th confoustion product - iul S/~

-* AHf\ .= :t.of fbrmpal:ion of -th wobustioh produ.ct-ca /role

The heats of form~ation. of the co~~inproducts are gi~ven in

Table X11,.

In the Grxiginal Bri nkley .co('-c, an. energy content es iscomiputed.
whc ~ eied as tyie energiy of. the . cz)-bustion gases at.~ atr

T, relative't-o'the* eler.ients at. K.- --he- internal ener -0 of the

&ases "E". is defined. as the amrount of' c gy required to raise. the

combastion gases frcim sc.-.i iLtt~um tempera.½re (iu this case 2500)
-to some temperature T; it is aý,nýn 'ht a. corrcetion.factor muet,

be used to 'converr, the. cosiMUte ener&gy cccAt ent l"e Lo -the internal.

energy Ell+, 11-h s. convertiion is. PTde by -.:;.'zans ofthe_ followin&g.:.

.0

where' hag internal of i~-th coimbustion

produzt from 0 K to --ý cal/molejtE heat of formation of I-th combsinpou

. from the elements' at *K -cel/'nole.

*Tables of these. val1ues fur nfl th-a ý_oiribujtlfl produr-ts 'is found

in NBS Circular 500.' I Table XIII, the correction factor

is listed for eaz~h of the co.mb*ustion rrz41cts.+

T"o determine the f2La e temperature, thec co'nplifer prograift

c,5mputes E, IL? prod, ARY vnd, NY~-E foz- a temiperature range. which,

has be-en previo~uly chosen so as to be z--_ver'al. hundred of degrees

above and below the est izateid UO~:n,ý t~-eature upon completion

of tnis portion of the probl"eri,!. the ca:trchec-kz brzk lntil it

i laclhea a :;et of te~ii,)erL-&tures in w'-ch ;he diff'erence W-hF has

chwngý_` froin a positive vaoue to a nee~a-zve value. Uqing a 3

.IoiL.t LaCzrangian I~nterpolat~.cn 1'ornciv;h on wvCat' s of the

dItfcrenci~e at thzee ter-1-2rature .itepa; ',o of wnic.h are positive

and, one rieeative, a teriperature value .3 f ound in w, ich this

. . 57



nrtference i1. zero. T~his tem~perat-ure is. the fl1amre temperature.
Ipddiin h interpolatini-, ratio are. used to comrputetero

4ynsmic and gas. composiition vmlues at the f Caine tempe'rature. When
this portion ot the progran is comapleted,' the. vaus eprne

* ut adthe program is 'stopped.,

MA.,
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